Abstract. So far, climate change mitigation pathways focus mostly on CO 2 and a limited number of climate targets. Comprehensive studies of emission implications have been hindered by the absence of a flexible method to generate multi-gas emissions pathways, user-definable in shape and the climate target. The presented method 'Equal Quantile Walk' (EQW) is intended to fill this gap, building upon and complementing existing multi-gas emission scenarios. The EQW method generates new mitigation pathways by 'walking along equal quantile paths' of the emission distributions derived from existing multi-gas IPCC baseline and stabilization scenarios. Considered emissions include those of CO 2 and all other major radiative forcing agents (greenhouse gases, ozone precursors and sulphur aerosols). Sample EQW pathways are derived for stabilization at 350 ppm to 750 ppm CO 2 concentrations and compared to WRE profiles. Furthermore, the ability of the method to analyze emission implications in a probabilistic multi-gas framework is demonstrated. The risk of overshooting a 2
Introduction 31
Ten years after its entry into force, the United Nations Framework Convention on
32
Climate Change (UNFCCC) has been ratified by 188 countries.
1 It calls for the pre-
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The aim of this study is to present a method that can simultaneously meet three 39 goals relevant to studies relating to Article 2.
40
• The first goal is to generate multi-gas emissions pathways consistent with 41 the range of climate policy target indicators under discussion. The target 42 parameter and its level can be freely selected. Examples of target parameters 43 include CO 2 concentrations, radiative forcing, global mean temperatures or 44 sea level rise.
45
• The second goal is that the multi-gas pathways generated should have a treat-46 ment of non-CO 2 gases and radiative forcing agents that is consistent with 47 the range of multi-gas scenarios in the literature. The inclusion of a non-CO 2 48 component in the newly created emissions pathways might significantly im-49 prove on mitigation pathways generated in the past but without the necessity 50 of a comprehensive analysis of mitigation options across energy, agriculture, 51 and other sectors. Several studies have shown that it is important to take into 52 account the full range of greenhouse gases including, but not limited to, the 53 six greenhouse gases and gas groups controlled by the Kyoto Protocol both for 54 economic cost-effectiveness and climatic reasons (Reilly et 
58
• The third goal is to create a method to generate multi-gas pathways for user-59 specified climate targets. Developing a flexible method, rather than only a lim-60 ited number of mitigation pathways, has significant advantages. For example, 61 it can facilitate a comprehensive exploration of the emission implications of 62 certain climate targets, given our scientific uncertainties in the main climate 63 systems components, such as climate sensitivity and ocean diffusivity.
64
There are two broad classifications of emissions pathways: a non-interventionist 65 (baseline) path or one with some level of normative intervention (mitigation). Fur-66 thermore, a distinction is drawn here between scenarios and emissions pathways. 67 Whereas the latter focus solely on emissions, a scenario represents a more complete 68 description of possible future states of the world, including their socio-economic 69 characteristics and energy and transport infrastructures. Under this definition, many 70 of the existing 'scenarios' are in fact pathways, including the ones derived in this 71 study. Following the distinction between 'emission scenarios' and 'concentration 72 profiles' introduced by Enting et al. (1994) , the term 'profiles' is here used for time 73 trajectories of concentrations.
74
Existing mitigation pathways or scenarios differ in many respects, for example 75 in regard to the type and level of their envisaged climate targets (see overview in 76 Table I ).
77
One of the major challenges for the design of global mitigation pathways is the 78 balanced treatment of CO 2 and non-CO 2 emissions over a range of climate targets 79 with varying levels of stringency. Another major challenge is highlighted by the 80 Azar, 1998) . Both issues arise from the fact that a long-term concentration, 82 temperature or sea-level target can be achieved through more than one emissions 83 pathway. Emissions in one gas (e.g. CO 2 ) can be balanced against reductions in 84 another gas (e.g. N 2 O), which leads to a 'multi-gas indeterminacy'. This is some-85 what parallel to the debate on the 'timing of emission reductions', since emissions 86 in the near-term may be balanced against reductions in the long-term. Obviously, 87 there is a clear difference too: The 'timing' of emission reductions touches inter-88 generational equity questions much more directly than trade-offs between gases. 89 Only indirectly, trade-offs between gases might have some implications for in-90 tergenerational issues, e.g. if states operate under a 'Global Warming Potential' 91 (GWP) based commitment period regime for gases of different lifetimes (Smith 92 and Wigley, 2000b; Sygna et al., 2002) . This paper proposes a method, which is 93 characterized by its unique way of handling the 'multi-gas indeterminacy'.
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94
In the next section we review previous approaches to handling non-CO 2 gases 95 in intervention pathways and in climate impact studies (Section 2). The 'Equal 96 Quantile Walk' (EQW) method is presented subsequently (Section 3). EQW gen-97 erated multi-gas pathways are presented and compared with existing mitigation 98 pathways (Section 4). Limitations of the EQW method are discussed subsequently 99 of fossil fuels generally results in both, lower CO 2 and lower aerosol emissions).
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to the CO 2 related radiative forcing in Wigley (1995) and Raper et al. (1996) ; 23% 140 is the 2100 average for the 1992 IPCC emission scenarios (Leggett et al., 1992 ) 141 according to Wigley and Raper (1992) . Later, aerosols and greenhouse gases have 142 been treated separately. For both the S and WRE-profiles, SO 2 emissions were 143 either held constant at their 1990 levels or the negative forcing due to sulphate 144 aerosols ('S(x)') was directly scaled with changes in CO 2 emissions since 1990 145 ('F(x)/F(1990)'), according to S(x) = [S(1990)/F(1990)] * F(x). The scaling proce-146 dure for sulphate emissions was a significant improvement to explicitly capture the 147 correlated nature of SO 2 and fossil CO 2 emissions. The positive forcing of non-CO 2 148 greenhouse gases has then been assumed to be 33% of the CO 2 related radiative 149 forcing .
150
A third approach is to take source-specific reduction potentials for all gases into 151 account. Thus, rather than assuming that proportional reductions are possible across 152 all gases, emission scenarios are developed by making explicit assumptions about 153 reductions of the different gases. Realized reductions vary with the stringency of 154 the climate target. In case of most of the Post-SRES scenarios, reductions in non-155 CO 2 emissions result from systemic changes in the energy system as a result of 156 policies that aim to reduce CO 2 emissions. This in particular involves CH 4 from 157 energy production and transport (see e.g. Post-SRES scenarios as presented in 158 Morita et al. (2000) , and Swart et al. (2002) ). This method does not directly take 159 into account the relative costs of reductions for different gases.
160
A fourth, more sophisticated, approach is to find cost-optimizing mixes of gas-161 to-gas reductions with the help of more or less elaborated energy and land-use 162 models. In its simplest form, a set of (time-dependent) Marginal Abatement Cost 163 curves (MAC) for different gases are used, thus enabling the determination of an 164 optimal set of reductions across all gases (see e.g. den Elzen and Lucas, accepted). 165 Some studies mix both model-inherent cost estimates and exogenous MACs (see 166 e.g. van den Elzen et al., 2005) . Ideally, dynamically coupled 167 (macro-)economic-energy-landuse models could aim to find cost-effective reduc-168 tion strategies that take into account model-specific assumptions about endogenous 169 technological development, institutional and regulatory barriers as well as other 170 driving forces for CO 2 and non-CO 2 emissions. Some of the more sophisticated 171 models within the Energy Modelling Forum (EMF) 21 model-inter-comparison 172 study aim to do so (de la Chesnaye, 2003).
173
One important distinction among scenarios of this fourth 'cost-optimizing' ap-174 proach can be drawn in regard to what exactly the modeling groups optimize. 175 Some optimizing methods handle the 'multi-gas indeterminacy' by finding a cost-176 optimizing solution for matching a prescribed aggregated emission path (see e.g. 177 den Elzen and Meinshausen, 2005) . In this way the substitution between gases 178 is done using GWPs, which closely reflects current political (emission trading) 179 frameworks. A different method is to determine gas-to-gas ratios by finding a cost-180 efficient emission path over time to match a long-term climate target. In this latter 181 approach, GWPs are not used to determine the substitution between gases but an 182 239 We will refer to the presented method as the 'Equal Quantile Walk' (EQW) ap-240 proach for reasons explained below. A concise overview on the consecutive steps 241 of the EQW method is provided in Figure 1 . The approach aims to distil a 'distri-242 bution of possible emission levels' for each gas, each region and each year out of 243 a compilation of existing non-intervention and intervention scenarios in the litera-244 ture that use methods three and four above (see Figure 1 and Section 2). Once this 245 distribution is derived, which is notably not a probability distribution (cf. Section 246 5.1.2), emissions pathways can be found, that are 'comparably low' or 'comparably 247 high' for each gas. In this way the EQW method builds on the sophistication and 248 detailed approaches that are inherent in existing intervention and non-intervention 249 scenarios without making its own specific assumptions on different gases' reduction 250 potentials.
251
Here, the term 'comparably low' is defined as a set of emissions that are on the 252 same 'quantile' of their respective gas and region specific distributions. Hence, the 253 approach is called 'Equal Quantile Walk' (cf. Figure 3 and Section 3.3). For exam-254 ple, the quantile path can, over time, be derived by prescribing one specific gas's 255 emissions path in a particular region, such as fossil fuel CO 2 for the OECD region 256 (Section 3.2). The corresponding quantile path is then applied to all remaining 257 gases and regions and a global emissions pathway is obtained by aggregating over 258 the world regions (Section 3.3). Consequently, EQW pathway emissions for one gas 259 can go up over time, while emission of another gas go down, but an EQW pathway 260 for a more ambitious climate target will be assumed to have lower emissions across 261 all gases compared to an EQW pathway for a less ambitious climate target. 2) The common quantile path of the new emissions pathway is derived by using a driver emission path, such as the one for fossil CO2 emissions in OECD countries. The driver path is here defined by sections of constant emission reductions ('−x/y%') and years at which the reduction rates change ('I' and 'II'). (3) A global emissions pathway is obtained by assuming that -in the default case-the quantile path that corresponds to the driver path applies to all gases and regions. (4) Using the simple climate model MAGICC, the climate implications of the emissions pathway are computed. (5) Within SiMCaP's iterative optimisation procedure, the quantile paths are optimised until the climate outputs and the prescribed climate target match sufficiently well.
is the model that was used for global-mean temperature and sea level projections components and a set of derived EQW emissions pathways are available from the 276 authors or at http://www.simcap.org.
277
DISTILLING A DISTRIBUTION OF POSSIBLE EMISSION LEVELS
278
In order to determine a possible range of different gases' emission levels a set of 279 scenarios is needed. Here, the 40 non-intervention IPCC emission scenarios from 280 the Special Report on Emission Scenarios (Nakicenovic and Swart, 2000) 2 are 281 used in combination with 14 Post-SRES stabilization scenarios from the same six 282 modeling groups, 3 as presented by Swart et al. (2002) . This combined set of 54 283 scenarios is used in this study to derive the distributions of possible emission lev-284 els. The Post-SRES intervention scenarios are scenarios that stabilize atmospheric 285 CO 2 concentrations at levels between 450 ppm to 750 ppm. Most of the Post-286 SRES scenarios only target fossil CO 2 explicitly, although lower non-CO 2 emis-287 sions are often implied due to induced changes on all energy-related emissions. 288 For halocarbons (CFCs, HCFCs and HFCs) and other halogenated compounds 289 (PFCs, SF 6 ), the post-SRES scenarios, however, provide no additional informa-290 tion. Therefore, the A1, A2, B1 and B2 non-intervention IPCC SRES scenarios 291 were supplemented with one intervention pathway in order to derive the distribu-292 tion of possible emission levels. Since most of the halocarbons and halogenated 293 compounds can be reduced at comparatively low costs compared to other gases (cf. 294 USEPA, 2003; Ottinger-Schaefer et al., submitted), the added intervention path-295 way assumes a smooth phase-out by 2075. Clearly, future applications of the EQW 296 method can be based on an extended set of underlying multi-gas scenarios (such as 297 EMF-21), thereby capturing the best available knowledge on multi-gas mitigation 298 potentials.
299
The combined density distribution for the emission levels of the different gases 300 has been derived by assuming a Gaussian smoothing window (kernel) around each 301 of the 54 scenarios. The resulting non-parametric density distribution for a given 302 year and gas can be viewed as a smoothed histogram of the data (see Figure 2) . A 303 narrow kernel would reveal higher details of the underlying data until every single 304 scenario is portrayed as a spike-as in a high-resolution histogram. Wider kernels 305 can also be used to some degree to interpolate and extrapolate information of the 306 limited set of reduction scenarios into underrepresented areas within and outside 307 the range of the scenarios. Thus, the chosen kernel width has to strike a balance 308 between-on the one hand-allowing a smooth continuum of emission levels and the 309 design of slightly lower emissions pathways and-on the other hand-appropriately re-310 flecting the lower bound as well as the possibly asymmetric nature of the underlying 311 data.
312
In this study, a medium width of the kernel is chosen-close to the optimum 313 for estimating normal distributions (Bowman and Azzalini, 1997) . biosphere from policies in this area over the coming centuries is assumed to ap-
333
proximately restore the total amount of carbon lost from the terrestrial biosphere.
334
Specifically, it was assumed that from 2100 to 2200, the lower bound for the land-use 
DERIVING THE QUANTILE PATH
340
For an EQW pathway, emissions of each gas in a given year and for a given region 341 are assumed to correspond to the same quantile of the respective (gas-, year-and 342 region-specific) distribution of possible emission levels. Depending on the climate 343 target and the timing of emission reductions, the annual quantiles might of course 344 change over time (cf. inset (2) in Figure 1 could then be applied to all gases individually in the respective regions, provided a 360 pool of standardized scenarios for the same regional disaggregation existed.
361
In this study, we have adopted a fairly conventional set of climate policy as-362 sumptions to derive the emissions pathways. One of the key agreed principles in 363 the almost universally ratified United Nations Framework Convention on Climate 364 Change (UNFCCC, Article 3.1) is that of "common but differentiated responsi-365 bilities and respective capabilities" which requires that "developed country Parties 366 should take the lead in combating climate change".
1 As a consequence, it is ap-367 propriate to allow the emission reductions in non-Annex I regions 6 to lag behind 368 the driver. Furthermore, a constant reduction rate (exponential decline) of absolute 369 OECD fossil CO 2 emissions has been assumed for 'peaking' scenarios after a pre-370 defined 'departure year' from the baseline emission scenario (here assumed to be 371 the median over all 54 IPCC scenarios). For 'stabilization' scenarios, the annual 372 rate of reduction was allowed to change once in the future in order to lead to the 373 desired stabilization level (see inset 2 within Figure 1) . A constant annual emission 374 reduction rate has been chosen for two reasons: (a) simplicity, and (b) because of 375 the fact that such a path is among those that minimize the maximum of annual 376 reductions rates needed to reach a certain climate target.
377
Up to the predefined departure year, e.g. 2010, emissions follow the median 378 scenario (quantile 0.5; cf. Figure 3) . The departure year can differ from region to 379 region and indeed, as noted above, this is required by the UNFCCC and codified 380 further in the principles, structure and specific obligations in the Kyoto Protocol. Thus, the slope of cumulative emission distribution curves goes from lower-left to upper-right. New mitigation pathways are now constructed by assuming a set of emissions for each year that corresponds to the same quantile (black triangles) in a respective year. These quantiles can for example be chosen so that a prescribed emission path for fossil CO 2 is matched. The non-fossil CO 2 emissions are then chosen according to the same quantile (see dots on dashed vertical lines). The same procedure is applied to other non-OECD world regions by using either the same or different quantile path (see text). For this illustrative figure (but not for any of the underlying calculations within the EQW method), all emissions have been converted to Mt CO 2 -equivalent using 100-yr GWPs. 14 Note the logarithmic vertical scale, which causes zero and negative emissions not being displayed.
Here non-Annex I countries are assumed to diverge from the baseline scenario 
FINDING EMISSIONS PATHWAYS
389
Once the non-parametric distributions of possible emission levels (Section 3.1) are 390 defined and the quantile paths (3.2) prescribed, multi-gas emissions pathways for 391 any possible climate target can be derived. For any specific year, the emission levels 392 of each greenhouse gas and aerosol for different regions are selected according to 393 a specific single quantile for the particular year and region. This will result in a 394 set of emissions that is 'comparably low' or 'high' in relation to the underlying 395 pool of existing emission scenarios (see Figure 3) . As a final step a smoothing 396 spline algorithm has been applied to the individual gases pathways other than the 397 driver path, restricted to the years after the regions' departure year from the baseline 398 scenario. at a point in the future (derived in the optimization procedure) in order to allow
445
CO 2 concentrations to stay at the prescribed stabilization levels (see Table II ).
446
While fossil CO 2 emissions between WRE and these sample EQW pathways since the profile towards CO 2 stabilization is prescribed by multiple constraints on 465 the fossil CO 2 emissions rather than on CO 2 concentrations themselves.
466
Under the most stringent of the analyzed CO 2 concentration targets, stabilization emission reductions in the 1990s and a smoother path thereafter, which already 472 seems unachievable today, due to recent emissions increases.
473
A comparison including non-CO 2 gases can be done using the WRE profiles 474 as they are presented in the IPCC TAR (see figure 9.16 in Cubasch et al., 2001) . 475 There, the effects for the WRE CO 2 stabilization profiles are computed by assuming 476 non-CO 2 gas emissions according to the A1B-AIM scenario (see Figure 4 and 477 Figure 5 . For the comparison, it is thus important to keep in mind that the EQW 478 pathways are not compared to the WRE CO 2 profiles per se, but to the WRE 479 pathways in combination with this specific assumption for non-CO 2 emissions.
480
The EQW method chooses non-CO 2 emissions on the basis of the CO 2 quantile, 481 which for all analyzed CO 2 stabilization profiles implies that it chooses emissions 482 significantly below the A1B-AIM levels-as also the fossil CO 2 emissions are below 483 those of the A1B-AIM scenario. Mainly due to these lower non-CO 2 emissions, the 484 radiative forcing implications related to EQW pathways are significantly reduced 485 for the same CO 2 stabilization level when compared to WRE pathways, i.e. for 486 stabilization at 450 ppm (see Figure 5 ). Partially offsetting this 'cooling' effect 487 is the reduced negative forcing due to decreased aerosol emissions. The negative 488 forcing from aerosols can be significant (cf. dark area below zero in Figure 5 ) and 489 can mask some positive forcing due to CO 2 and other greenhouse gases. In the 490 year 2000, this masking is likely to be about equivalent to the forcing due to CO 2 491 alone (the upper boundary of the "CO 2 " area is near the zero line in Figure 5 ). 492 However, note that large uncertainties persist in regard to the direct and indirect 493 radiative forcing of aerosols (see e.g. Anderson et al., 2003) . 7 The total radiative 494 forcing for the WRE450 scenario in 2400 is ca. 3.9 W/m 2 and around 3 W/m 2 for 495 the EQW-S450C.
496
Owing to the effect on radiative forcing, the lowered non-CO 2 emissions that 497 result from the EQW method lead to less pronounced global mean temperature 498 increases in comparison to the WRE CO 2 stabilization profiles in combination 499 with the A1B-AIM non-CO 2 emissions. For the same CO 2 stabilisation levels, the 500 corresponding temperatures are about 0.5
• C cooler by the year 2400 (assuming 501 a climate sensitivity of approximately 2.8
• C by computing the ensemble mean 502 over 7 AOGCMs-see Appendix A). Consequently, the sea level rise is also slightly 503 reduced when assuming the EQW pathways (cf. Figure 4) . 
RADIATIVE FORCING (CO 2 EQUIVALENT) PEAKING PROFILES
505
A variety of climate targets can be chosen to derive emissions pathways with 506 the EQW method. In this section, two sets of multi-gas emissions pathways are 507 chosen so that the corresponding radiative forcing peaks between approximately 508 2.6 and 4.5 W/m 2 with respect to pre-industrial levels. The CO 2 equivalent peaking 509 concentrations are 475 to 650 ppm (see Figure 6) . No time-constraint is placed on 510 the attainment of the peak forcing. (with non-CO2 acc. to SRES A1B-AIM) Figure 5 . Aggregated radiative forcing as a result of the WRE emissions pathway (upper graph) and the EQW pathway (lower graph) for stabilization of CO 2 concentrations at 450 ppm. Since the 'EQW' multi-gas pathways take into account reductions of non-CO 2 gases, the positive radiative forcing due to CH 4 , N 2 O, tropospheric ozone ('TROPOZ'), halocarbons and other halogenated compounds minus the cooling effect due to stratospheric ozone depletion ('HALOtot') as well as the negative radiative forcing due to sulphate aerosols (indirect 'SO4IND' and direct 'SO4DIR') and biomass burning related aerosols ('BIOAER') is substantially reduced. The combined warming and cooling due to fossil fuel related organic & black carbon emissions ('FOC+FBC') is scaled towards SO 2 emissions (see text).
The first set 'A' of derived EQW peaking pathways assumes a fixed depar- Figure 6. Two sets of multi-gas pathways derived with the EQW method. The two sets are distinct in so far as set A assumes a fixed departure year from the median emission path (2010) and a different reduction rate thereafter (−7% to 0%) (A.1). The pathways of set B assume a fixed reduction rate for OECD fossil CO2 emissions (−3%/yr), but variable departure years. Emissions of other gases and in other regions follow the corresponding quantile paths (see text). For illustrative purposes, the GWPweighted sum of greenhouse gas emission is shown in panels A.2 and B.2. Using a simple climate model, the radiative forcing implications of the multi-gas emissions pathways can be computed, here shown as CO 2 equivalent concentrations with black dots indicating the peak values (A.3 and B.3). The temperature implications are computed probabilistically for each peaking pathway using a range of different climate sensitivity pdfs (see text). In this way, one can illustrate the probability of overshooting a certain temperature threshold (here 2 • C above pre-industrial) under such peaking pathways given different climate sensitivity probability distributions (dashed lines in darker shaded area of A.4 and B.4). Lighter shaded areas depict the probability of overshooting 2
• C in equilibrium in case that concentrations were stabilized and not decreased after the peak. The full set of emission data is available at http://www.simcap.org. corresponding to the preset driver path (see Figure 6 , Section 3.2 and 3.3).
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525
For the derived emissions pathways that peak between 470 and 555 ppm CO2eq,
526
global fossil CO 2 emissions are between 46% to 113 % of 1990 emission levels in 527 2050 (see Table III ) and 11% to 33% in 2100, depending on the peaking target.
528
In parallel to the greenhouse gas emissions, the EQW method derives aerosol
529
and ozone precursor emissions that are 'comparably low' in regard to the underly-
530
ing set of SRES/Post-SRES scenarios. Thus, despite the fact that sulphate aerosol 531 precursor emissions (SO x ) have a cooling effect, SO x emissions are assumed to 532 decline sharply for the more stringent climate targets (see Table III ). The linkage
533
between SO x and CO 2 emissions is also seen in mitigation scenarios from cou-534 pled socio-economic, technological model studies and is partially due to the fact 535 that both stem from a common source, namely fossil fuel combustion (see as well
536
Section 5.1.1). Another reason is that mitigation scenarios represent future worlds 537 which inherently include environmental policies in both developed and developing
538
countries-where the abatement of acid deposition and local air pollution has usually 539 even higher priority than greenhouse gas abatement.
540
Depending on the shape of the emissions pathways (e.g. set A or B), and de-
541
pending on the peak level between 470 and 650 ppm CO 2 eq, radiative forcing 542 peaks between 2025 and 2100. After peaking, radiative forcing (CO 2 equivalence 543 concentrations) stays significantly above pre-industrial levels for several centuries.
544
This is mainly due to the slow redistribution process(es)? for CO 2 between the 545 atmospheric, oceanic and abyssal sediment carbon pools.
546
The temperature response of the climate system is largely dependent upon its cli-547 mate sensitivity, which is rather uncertain. A range of recent studies have attempted
548
to quantify this uncertainty in terms of probability density functions (PDFs) (see shown in terms of their probability of overshooting a certain temperature threshold,
556
here chosen as 2 • C above pre-industrial levels (see it Figure 6 ). The faster the 557 radiative forcing drops to lower levels after the peak, the less time there is for the 558 climate system to reach equilibrium warming. Thus, for peak levels of 550 ppm
559
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TABLE III Specifications (I), emission implications (II) and risks of overshooting 2
• C (III) for three radiative forcing peaking pathways (cf. Figure 6 ). Departure years and annual OECD fossil CO 2 emission reductions ('driver path') were prescribed. For illustrative purposes only, greenhouse gas emissions (CO 2 , CH 4 , N 2 O, HFCs, PFCs, and SF 6 ) were aggregated using 100-year GWPs 14 including and excluding landuse related CO 2 emissions ('other CO 2 '). The maximum CO 2 equivalence concentration (radiative forcing) is shown and its associated risk of overshooting 2
• C global mean temperature rise above pre-industrial for a range of different climate sensitivity probability density function estimates (see text). CO 2 eq and above, the peaking pathways B involve slightly lower risks of over-560 shooting a 2 • C temperature thresholds, as their concentrations decrease slightly 561 faster than for the higher peaking pathways of set A. The risk of overshooting 2
• C 562 would obviously be higher for both sets, if radiative forcing were not decreasing 563 after peaking, but stabilized at its peak value, as depicted by the lighter shaded 564 areas in Figure 6 A.4&B.4 (Azar and Rodhe, 1997; Hare and Meinshausen, 2004 ; 565 Meinshausen, 2005) .
566
In summary, it has been shown that the EQW method can provide a useful tool 567 to obtain a large numbers of multi-gas pathways to analyze research questions in a 568 probabilistic setting. Furthermore, the results suggest that if radiative forcing is not 569
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peaked at or below 475 ppm CO 2 eq (∼2.8 W/m 2 ) with declining concentrations 570 thereafter, it seems that an overshooting of 2 • C can not be excluded with reasonable 571 confidence levels (see Figure 6 ).
572
Discussion and Limitations 573
The following section discusses some of the potential limitations, namely those 
DISCUSSION OF AND POSSIBLE LIMITATIONS ARISING FROM THE
578
METHOD ITSELF 579
The following section briefly discusses several issues that are directly related to the 
Unity Rank Correlation
587
New emissions pathways produced with the EQW method will rank equally across 588 all gases in a specific region for a specific year. In other words, an emissions 589 pathway for a less stringent climate target (e.g. peaking at 550 ppm CO 2 eq) has 590 higher emissions for all gases and all regions compared to an emissions pathway 591 for a less stringent climate target (e.g. 475 ppm CO 2 eq).
592
Note that this inbuilt unity rank correlation assumption of the EQW method 
599
The unity rank correlation could be an advantage of the EQW approach. How-600 ever, it could also be a limitation in the presence of negative rank correlations and N 2 O emission changes may be negatively correlated up to a certain degree as 606 well. Coupled socio-economic, technological, and land use models, such as those 607 used for creating the SRES and Post-SRES scenarios, are generally able to account 608 for these underlying anti-correlation effects. Thus, the following analysis assumes 609 that an analysis of the SRES and Post-SRES scenarios can provide insights about 610 real world dynamics in regard to whether inherent process based anti-correlations 611 of emissions are so dominant, that the unity rank correlation assumption at given 612 aggregation levels would be invalidated.
613
The question is, therefore, whether any negative rank correlations are apparent 614 at the aggregation level considered here, namely the 4 SRES world regions. For 615 the pool of existing SRES and Post-SRES scenarios that are used, no negative rank 616 correlations between fossil fuel CO 2 and any other gases' emissions are apparent 617 at this stage of aggregation by sources and regions (see Figure 7 and Appendix B). 618 The rank correlation between fossil fuel CO 2 and 'Other CO 2 ' or 'N 2 O total' is 619 basically zero or rather small, while rank correlations with other gases are positive, 620 especially for the ASIA and ALM region. 
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the underlying SRES and post SRES data set, the sources of these emissions are 624 largely unrelated. The primary reason for this is that 'Other CO 2 ' sources are at 625 present dominated by tropical deforestation (Fearnside, 2000 
636
The differing population assumptions of the underlying scenarios might appear analyzed instead of absolute emissions (cf. Figure 7) .
651
Given the absence of negatively rank correlated emissions, the seeming dis- seem very likely that the more a reduction effort is put into reducing fossil fuel 663 related emissions, the more a parallel reduction effort will be put into reducing 664 land-use related emissions as well.
665
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Assuming a Certain Probability of Underlying Scenarios?
666
The application of some statistical tools within the EQW method assumes equal 667 validity of each of the 54 scenarios within the underlying pool. This assumption, 668 however, does not affect the outcome. As the following results show, the EQW 669 method is rather robust to the relative 'probability' (weighting) within the scenario 670 pool. Thus, the EQW method is largely independent of the assumed likelihood of 671 single scenarios.
672
The sensitivity of the EQW method to different weightings of the underlying 673 scenarios has been analyzed as follows. Four sensitivity runs have been performed. 674 In each of them, members of one of the four IPCC scenarios families A1, A2, 675 B1 and B2 have been multiplied three times. In effect, the original 54 plus the 676 multiplied scenarios were then analyzed to derive the 'distributions of possible 677 emission levels', as outlined above (3.1). Keeping other parts of the EQW method the 678 same, intervention pathways were derived for global-mean temperature peaking at 679 2
• C above the pre-industrial level. The results show that the pathways' sensitivities 680 to the weighting are rather small. Obviously, if a scenario's frequency or weight-681 factor is changed, slightly different emissions pathways will result, since basically 682 all scenarios differ with respect to relative gas and regional shares (see Table IV ). 683 Obviously, assuming a different set of scenarios altogether in order to derive the 684 distribution of possible emission levels might change the outcome considerably. 685 It should be kept in mind that the EQW method is not designed to determine how 686 likely it might be that future emissions will be below a certain level. Similar to the 687 medians calculated by Nakicenovic et al. (1998) for the IPCC database, the derived 688 'distributions of possible emission levels' are by no means probability estimations 689 (cf. e.g. Grubler and Nakicenovic, 2001 ). If, however, one would have a set of 690 scenarios with a well defined likelihood for each of them, then more far reaching 691 conclusions could be drawn instead of designing normative scenarios, as is done 692 here. 
Sensitivity to Lower Range Scenarios
694
If the EQW method produces a new emissions pathway near to or slightly outside the 695 range of existing scenarios, there is a high sensitivity to scenarios in the underlying 696 data base that are at the edge of the existing distribution. Certain measures can 697 and are applied to limit this sensitivity, and its undesired effects, by (a) using an 698 appropriate kernel-width to derive the 'distribution of possible emission levels' (see 699 Section 3.1), (b) enlarging the pool of underlying scenarios by explicit intervention 700 scenarios at the lower edge of the distribution, namely by the inclusion of Post-SRES 701 stabilization scenarios, while at the same time (c) restricting the pool to scenarios 702 of widely accepted modeling groups with integrated and detailed models.
703
Clearly, entering 'unexplored' terrain with this approach is only a second best 704 option in the absence of fully developed scenarios for the more stringent climate 705 targets. Ideally, the EQW method would be applied on a large pool of scenarios 706 including those with the most stringent climate targets. Such fully developed mit-707
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TABLE IV Sensitivity analysis with respect to the underlying SRES scenario family frequencies. The common climate target 'peaking below 2
• C' is prescribed for and met by all 5 pathways assuming a climate sensitivity of 2.8
• C (7 AOGCM ensemble mean). Whereas the first pathway (EQW-P2T) was derived by using the underlying data pool of 54 unique scenarios, the four sensitivity pathways were derived by multiplying the frequency of A1, A2, B1 or B2 scenario family members three times (3 × A1 to 3 × B2). Shown are the emission levels in 2050 compared to 1990 levels for different gases (a) and regions (b) and the annual reduction rate for OECD fossil CO2 emissions (c)
(a) Gas-by-gas results for region "World" (Emission levels in 2050 compared to 1990)
Fossil Regionally different emission paths result from the application of the EQW 720 method to the 4 SRES regions. This is a direct consequence of the regional emission 721 shares within the pool of underlying SRES / Post-SRES scenarios as well as possibly 722 regionally differentiated departure years from the median (see Section 3.2). Thus, 723 the EQW method is not, in itself, an emission allocation approach based on explicit 724 differentiation criteria. The method captures the spectrum of allocations in the pool 725 of underlying existing scenarios and allows for some flexibility by setting regionally 726 differentiated departure years for example.
727
Under default assumptions, the derived emissions pathways entail an increasing 728 share of non-Annex I emissions independent of the climate target (Figure 8) carbon stock poses risks for the regime stability of an emission control architecture. 777 Given these issues, the presented results should be regarded with care. In particular, 778 they should not be misinterpreted as a call for the advancement of sink related emis-779 sion allowances in the way followed so far under the international climate change 780 regime. 
793
The flexible nature of the EQW method allows deriving pathways with different 794 timings for emission reductions. As already demonstrated by the presentation of 795 stabilization and peaking profiles, emissions pathways for various target paths can 796 be derived. Depending on the definition of the index or quantile paths (Sections 3.2 797 and 3.3), emissions pathways can be designed that result in a monotonic increase 798 of temperature or CO 2 concentrations up to a final target level with stabilization 799 thereafter or subsequent dropping (e.g. overshooting (see e.g. Wigley, 2003b) or 800 peaking profiles). Furthermore, the possibility to freely define the departure year 801 for various regions allows future studies to undertake sensitivity studies contribut-802 ing to the debate on 'early action' versus 'delayed response' (cf. Section 1 and 803 Meinshausen, 2005 ). 
Probabilistic Framework
805
The EQW method can be used to systematically explore the effect of uncertainties 806 in the climate system upon emission implications in a probabilistic framework (see 807 Section 4.2). A probabilistic framework is important to allow for the definition of 808 an optimal hedging strategy against dangerous climate change. Any 'best guess' 809 parameter model runs might lead to a systematic underestimation of optimal re-810 duction efforts. A 'best guess' answer in regard to the emission implications will 811 only imply a 50% certainty to actually achieve the climate target. Under both a 812 'cost-benefit' and a 'normative target' policy framework, policymakers might want 813 to design more ambitious reduction policies in order to hedge against the pos-814 sibility of overshooting the target or against the possibility of costly mid-course 815 adjustments. Specifically, fossil fuel related CO 2 emissions (allowances) in OECD 816 countries would have to decrease by 3% annually after 2010, with emissions from 817
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other sources and regions corresponding to the same quantile path, in order to limit 818 the risk of overshooting 2 • C to 25% to 77% (see Table III 
A Comparison with Recently Derived Multi-Gas Scenarios
849
The Post-SRES scenarios within the underlying pool might have one shortcoming 
872
In the following, EMF-21 multi-gas scenarios of the participating modeling 873 groups 9 are compared to an EQW emissions pathway (see Figure 9 ). All pathways 874 and scenarios are designed to achieve a moderately ambitious climate target, namely 875 to lead to a maximal radiative forcing of 4.5W/m 2 . In general, the EQW pathway 876 falls well within the range spanned by the EMF-21 scenarios. For CO 2 and N 2 O, 877 the EQW result is in fact close to the EMF-21 median. For CH 4 , the EMF-21 878 median seems to be lower than the EQW result indicating that specific attention 879 to reduction possibilities of CH 4 can result in lower CH 4 emissions. Differences 880 between emission trajectories of EMF-21 and the EQW pathway are even reduced, 881 if the set of emission sources were standardized. In particular for N 2 O and to some 882 degree for CH 4 , the EMF-21 results are rather scattered already in the historic year 883 2000 as some models have not included all emission sources. In addition, different 884 definitions are used for land-use related N 2 O emissions in terms of what constitutes 885 the anthropogenic part.
886
The main conclusion is that the presented EQW pathways seem to be already 887 similar to those found in more detailed modeling studies that account for specific 888 mitigation options as suggested by EMF-21 work. At this rather moderate climate 889 target of 4.5W/m 2 , the different emissions pathways do not widely diverge. For all 890 gases, emissions end up in 2100 slightly below current emission levels. This is both 891 the case in the EQW and the EMF-21 results.
892
It would be an improvement, though, to extend the sample of scenarios that EQW 893 draws from by including these EMF-21 scenarios and other elaborated multi-gas 894 scenarios in the underlying scenario pool, as they become available for a stan-895 dardized set of emission sources. Thereby the EQW method could capture a wider 896 range of non-CO 2 mitigations options. The 'distribution of possible emission levels' 897 within EQW will become less dependent on differences in driving forces and 898 models (that are currently likely to dominate the range) and more dependent cannot replace other more mechanistic multi-gas approaches, e.g. cost optimiza-913 tion procedures. On the contrary, the EQW method is crucially dependent on and 914 builds on a large pool of existing and fully developed scenarios. Thus, the derived 915 region-specific and gas-specific emission paths respect the 'distributions of possible 916 emission levels' as they were outlined before by many different modelling groups. 917 Another characteristic of the EQW pathways is that they are, to a large extent, 918 baseline independent. Thus, the EQW pathways could be attractive for designing 919 comparable climate impact and policy implication analyses.
920
Achieving climate targets that account for, say, the risk of disintegrating ice 921 sheets (Oppenheimer, 1998; Hansen, 2003; Oppenheimer and Alley, 2004) or for 922 large scale extinction risks (Thomas et al., 2004 ) almost certainly requires sub-923 stantial and near term emission reductions. For example, to constrain global-mean 924 temperatures to peaking at 2
• C above the pre-industrial level with reasonable cer-925 tainty (say >75%) would require emission reductions of the order of 60% below 926 1990 levels by 2050 for the GWP-weighted sum of all greenhouse gases (cf. peaking 927 pathway I in Table III) . If the start of significant emission reductions were further 928 delayed, the necessary rates of emissions reduction rates were even higher, if the 929 risk of overshooting certain temperature levels shouldn't be increased (den Elzen 930 and Meinshausen, 2005; Meinshausen, 2005) . Thus, since more rapid reductions 931 may require the premature retirement of existing capital stocks, the cost of any 932 further delay would be increased, probably non-linearly. There are a number of 933 other reasons, why one might want to avoid further delay. Firstly, future genera-934 tions face more stringent emission reductions while already facing increased costs 935 of climate impacts. Secondly, the potential benefits of 'learning by doing' (Arrow, • C). Clearly, if emission scenarios are derived with single model 1000 tunings or different climate sensitivities then different emission paths will be found 1001 to correspond to any given climate target, reflecting the underlying uncertainty in 1002 the science. In general, the CO 2 concentration and radiative forcing scenarios are 1003 less model parameter dependent than the temperature focused scenarios.
1004
A.3. CAVEATS
1005
MAGICC is probably the most rigorously tested model among the simple climate 1006 models. Nevertheless, general caveats apply as well. There are still uncertainties 1007 in regard to many aspects of our understanding of the climate system, appropriate 1008 model representations and parameter choices, such as for gas cycles and their in-1009 teractions, temperature feedbacks on the carbon cycle, ocean mixing, the climate' 
